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Contract  Number 
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Principal  Investigator 

Marian  0.  Scully 

Organization 
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Technical  Section 

This  section  will  describe  the  objectives  of  the  contract. 

Ultraslow  light  and  applications 

-  Stopping  light  via  hot  atoms 

-  Using  slow  light  to  enhance  acousto-optical  effects:  Application 
to  squeezed  light 

-  Anomalous  stimulated  Brillouin  scattering  via  ultraslow  light 

-  Transporting,  multiplexing,  and  time  reversing  stored  light. 

Nonlinear  magneto-optics 

-  Enhancement  of  magneto-optic  effects  via  large  atomic  coherence  in 
optically  dense  media 

-  Large  polarization  rotation  in  dense  Rb  vapor 

-  Quantum  limit  of  optical  magnetometry  in  the  presence  of  ac-Stark  shifts 

-  Ac-Stark  shifts  in  the  nonlinear  Faraday  effect 

-  Compensation  of  ac-Stark  shifts  in  optical  magnetometry 

Laser  physics,  new  sources  of  radiation  and  devices  for  its  detection 

-  Infrared  generation  in  low-dimensional  semiconductor 
heterostructures  via  quantum  coherence 

-  Efficient  infrared  imaging  upconversion  via  quantum  coherence 

-  Mazer  action  in  a  bimodal  cavity 

Free-Electron  Lasers  without  inversion 

-  Free-electron  laser  without  inversion:  Gain  optimization  and  implementation 
scheme 

-  Broadband  optical  gain  via  interference  in  the  free  electron  laser: 
principles  and  proposed  realizations 
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Fundamental  Physics 

-  Canonical  statistics  of  ideal  Bose-Einstein  condensates 

-  Equivalence  of  the  Master  Equation  Approach  to  the  Canonical 
ensemble  approach  for  an  Ideal  Bose  Gas 

-  Inhibition  of  Decoherence  due  to  Decay  in  a  Continuum 

-  Accelerating  decay  by  multiple  2-pi  pulses 

-  Asymmetries  between  absorption  and  stimulated  emission  in  driven 
three-level  systems 

-  Mixed  electromagnetically  and  self-induced  transparency 

-  On  mechanisms  that  enforce  complementarity. 

Technical  Approach 

This  section  will  describe  the  Technical  Approach  taken  by  the  contractor. 

Recent  advances  in  quantum  optics  resulting  from  the  study  of  atomic  coherence  effects  have 
lead  to  substantial  breakthroughs  in  quantum  computing,  metrology,  high  precision  spectroscopy, 
telecommunications,  generation  of  high-  and  low-frequency  coherent  radiation,  etc.  Using  the 
most  recent  theoretical  and  experimental  tools,  we  work  on  both  the  theory  of  basic  physical 
phenomena  and  on  practical  implementation  of  these  theoretical  ideas. 

Accomplishments 

This  section  will  describe  the  accomplishments  for  Fiscal  Year  2001  for  the  contract 


Ultraslow  light  and  applications 

-  Stopping  light  via  hot  atoms 

We  prove  that  it  is  possible  to  freeze  a  light  pulse  (i.e.,  to  bring  it  to  a  full  stop)  or  even  to  make 
its  group  velocity  negative  in  a  coherently  driven  Doppler  broadened  atomic  medium  via 
electromagnetically  induced  transparency  (EIT).  This  remarkable  phenomenon  of  the  ultraslow 
EIT  polariton  is  based  on  the  spatial  dispersion  of  the  refraction  index  n(w,k),  i.e.,  its  wave 
number  dependence,  which  is  due  to  atomic  motion  and  provides  a  negative  contribution  to  the 
group  velocity.  This  is  related  to,  but  qualitatively  different  from,  the  recently  observed  light 
slowing  caused  by  large  temporal  (frequency)  dispersion. 

-  Using  slow  light  to  enhance  acousto-optical  effects:  Application  to  squeezed  light 

We  propose  a  technique  for  achieving  phase  matching  in  Brillouin  scattering  in  a  dielectric  fiber 
doped  by  three-level  Lambda-type  ions.  This  can  lead  to  a  dramatic  increase  of  efficiency  of 
ponderomotive  nonlinear  interaction  between  the  electromagnetic  waves  and  holds  promise  for 
applications  in  quantum  optics  such  as  squeezing  and  quantum  nondemolition  measurements. 
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-  Anomalous  stimulated  Brillouin  scattering  via  ultraslow  light 

We  study  stimulated  Brillouin  scattering  (SBS)  in  an  ultradispersive  coherent  medium,  and  show 
that  the  properties  of  SBS  change  drastically  when  the  group  velocity  of  light  in  the  material 
approaches  or  becomes  less  than  the  speed  of  sound.  In  particular,  forward  SBS  not  allowed  in  a 
dispersionless  bulk  medium  takes  place  in  the  coherent  medium. 

-  Transporting,  multiplexing,  and  time  reversing  stored  light. 

We  studied  the  basic  issues  central  to  the  storage  of  quantum  information  in  a  coherently 
prepared  atomic  medium  such  as  the  role  of  adiabaticity.  We  also  proposed  and  demonstrated 
transporting,  multiplexing,  and  time  reversing  stored  light. 


Nonlinear  magneto-optics 

-  Enhancement  of  magneto-optic  effects  via  large  atomic  coherence  in  optically  dense  media 

We  utilize  the  generation  of  large  atomic  coherence  in  optically  dense  media  to  enhance  the 
resonant  nonlinear  magneto-optic  effect  by  several  orders  of  magnitude,  thereby  eliminating 
power  broadening  and  improving  the  fundamental  signal-to-noise  ratio.  A  proof-of-principle 
experiment  is  carried  out  in  a  dense  vapor  of  Rb  atoms.  Applications  such  as  optical 
magnetometry,  the  search  for  Violations  of  parity  and  time-reversal  symmetry,  and  nonlinear 
optics  at  low  light  levels  are  feasible. 

-  Large  polarization  rotation  in  dense  Rb  vapor 

We  report  dramatic  enhancement  of  the  non-linear  Faraday  rotation  in  optically  thick  Rb  vapor. 
Polarization  rotation  angles  as  large  as  10  radians  were  observed  for  the  first  time  for  sub-Gauss 
magnetic  fields.  We  show  that  the  effect  of  radiation  trapping  leads  to  the  saturation  and 
subsequent  degradation  of  rotation  with  the  increasing  of  atomic  density. 

-  Quantum  limit  of  optical  magnetometry  in  the  presence  of  ac-Stark  shifts 

We  analyze  systematic  (classical)  and  fundamental  (quantum)  limitations  of  the  sensitivity  of 
optical  magnetometers  resulting  from  ac  Stark  shifts.  We  show  that  in  contrast  to  absorption- 
based  techniques,  the  signal  reduction  associated  with  classical  broadening  can  be  compensated 
in  magnetometers  based  on  phase  measurements  using  electromagnetically  induced  transparency 
(EIT).  However  due  to  ac  Stark-associated  quantum  noise  the  signal-to-noise  ratio  of  FIT-based 
magnetometers  attains  a  maximum  value  at  a  certain  laser  intensity.  This  value  is  independent  on 
the  quantum  statistics  of  the  light  and  defines  a  standard  quantum  limit  of  sensitivity.  We 
demonstrate  that  an  EIT-based  optical  magnetometer  in  Faraday  configuration  is  the  best 
candidate  to  achieve  the  highest  sensitivity  of  magnetic-field  detection  and  give  a  detailed 
analysis  of  such  a  device. 
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-  Ac-Stark  shifts  in  the  nonlinear  Faraday  effect 

The  frequency  of  the  dark  resonance  in  coherent  population  trapping  experiments  has  been 
measured  as  a  function  of  the  degree  of  ellipticity  and  the  intensity  of  the  probe  Light.  The  results 
have  been  used  to  find  the  quantum  limit  of  sensitivity  of  an  optical  magnetometer  based  on  the 
nonlinear  Faraday  effect. 

-  Compensation  of  ac-Stark  shifts  in  optical  magnetometry 

The  ac  Stark  shift  of  the  resonance  frequency  of  the  nonlinear  magneto-optic  effect  (NMOE) 
results  in  a  fundamental  broadening  of  this  resonance  which  limits  the  precision  of  optical 
magnetometry  based  on  NMOE.  We  have  studied  the  dependence  of  the  ac  Stark  shift  versus 
frequency  of  the  probing  laser  for  the  D1  and  D2  lines  of  87Rb,  and  have  shown  that  there  exists 
a  frequency  where  the  shifts  from  different  hyperfine  components  of  the  upper  level  cancel  each 
other.  This  holds  promise  for  an  in-principle  increase  in  the  sensitivity  of  optical  magnetometers. 
The  influence  of  buffer  gas  on  Faraday  rotation  and  ac  Stark  shifts  is  also  considered. 


Laser  physics,  new  sources  of  radiation  and  devices  for  its  detection 

-  Infrared  generation  in  low-dimensional  semiconductor  heterostructures  via  quantum  coherence 

A  scheme  for  infrared  generation  without  population  inversion  between  subbands  in  quantum- 
well  and  quantum-dot  lasers  is  presented.  The  scheme  is  based  on  the  resonant  nonlinear  mixing 
of  the  optical  laser  fields  on  the  two  interband  transitions  that  are  generated  in  the  same  active 
region  and  that  serve  as  the  coherent  drive  for  the  infrared  field.  This  mechanism  for  frequency 
down-conversion  does  not  rely  upon  any  ad  hoc  assumptions  of  long-lived  coherences  in  the 
semiconductor  active  medium,  and  it  should  work  efficiently  at  room  temperature  with  injection 
current  pumping.  For  optimized  waveguide  and  cavity  parameters,  the  intrinsic  efficiency  of  the 
down-conversion  process  can  reach  the  limiting  quantum  value  corresponding  to  one  infrared 
photon  per  one  optical  photon.  Due  to  the  parametric  nature  of  infrared  generation,  the  proposed 
inversionless  scheme  is  especially  promising  for  long-wavelength  (far-infrared)  operation. 

-  Efficient  infrared  imaging  upconversion  via  quantum  coherence 

We  show  that  quantum  coherence  can  be  used  to  achieve  marked  improvement  in  the  efficiency 
of  the  process  of  infrared  upconversion.  In  one  particular  example  which  we  analyze  in  detail,  we 
show  that  it  is  possible  to  convert  infrared  radiation  at  a  wavelength  of  100  mum  to  the  visible 
with  essentially  100%  efficiency  while  maintaining  diffraction-limited  imaging  of  the  infrared 
field. 
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-  Mazer  action  in  a  bimodal  cavity 

The  work  of  Meyer,  Scully,  and  Walther  [Phys.  Rev.  A  56,  4142  (1997)]  is  generalized  to  study 
the  operation  of  a  two-mode  mazer  with  particular  reference  to  the  question  of  mode-mode 
correlations.  The  explicit  expression  for  the  detailed  balance  steady-state  photon  distribution  has 
been  derived.  It  is  shown  that  the  two-mode  mazer  exhibits  much  stronger  sub-Poissonian 
statistics  for  each  mode.  The  photon-number  distributions  are  found  to  be  quite  sensitive  to  the 
presence  of  blackbody  photons  in  the  cavity.  The  interferences  among  contributions  from 
different  dressed  states  enable  one  to  obtain  the  phase  of  the  transmission  amplitude  of  finding 
the  atom  in  the  initial  excited  state  by  considering  a  set  of  two  measurements  involving  two 
different  initial  states  of  the  atom-field  system. 


Free-Electron  Lasers  without  inversion 

-  Free-electron  laser  without  inversion:  Gain  optimization  and  implementation  scheme 

We  consider  a  scheme  of  two  noncollinear  wigglers  with  an  intermediate  magnetic  drift  region, 
constituting  a  free-electron  laser  without  inversion  (FELWI).  Two  mechanisms  of  phase  shifts  in 
the  drift  region  between  the  wigglers  owing  to  a  series  of  magnetic  lenses  can  give  rise  to 
FELWI:  velocity-  and  angle-dependent  shifts.  An  appropriate  combination  of  these  shifts  is 
shown  to  provide  the  conditions  for  amplification  without  inversion.  The  phase  shifts  optimizing 
the  gain  are  found.  A  specific  scheme  for  the  drift  region  is  suggested. 

-  Broadband  optical  gain  via  interference  in  the  free  electron  laser:  principles  and  proposed 
realizations 

We  propose  experimentally  simplified  schemes  of  an  optically  dispersive  interface  region 
between  two  coupled  free  electron  lasers  (FELs),  aimed  at  achieving  a  much  broader  gain 
bandwidth  than  in  a  conventional  FEL  or  a  conventional  optical  klystron  composed  of  two 
separated  FELs.  The  proposed  schemes  can  universally  enhance  the  gain  of  FELs,  regardless  of 
their  design  when  operated  in  the  short  pulsed  regime. 


Fundamental  Physics 


-  Canonical  statistics  of  ideal  Bose— Einstein  condensates 

Within  the  canonical  ensemble,  a  partially  condensed  ideal  Bose  gas  with  arbitrary  single  particle 
energies  is  equivalent  to  a  system  of  uncoupled  harmonic  oscillators.  We  exploit  this  equivalence 
for  deriving  a  formula  which  expresses  all  cumulants  of  the  canonical  distribution  governing  the 
number  of  condensate  particles  in  terms  of  the  poles  of  a  generalized  Zeta  function  provided  by 
the  single-particle  spectrum.  This  formula  lends  itself  to  systematic  asymptotic  expansions  which 
capture  the  non-Gaussian  character  of  the  condensate  fluctuations  with  utmost  precision  even  for 
relatively  small,  finite  systems,  as  confirmed  by  comparison  with  exact  numerical  calculations. 
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We  use  these  results  for  assessing  the  accuracy  of  a  recently  developed  master  equation  approach 
to  the  canonical  condensate  statistics;  this  approach  turns  out  to  be  quite  accurate  even  when  the 
master  equation  is  solved  within  a  simple  quasi-thermal  approximation.  As  a  further  application 
of  the  cumulant  formula  we  show  that,  and  explain  why,  all  cumulants  of  a  homogeneous  Bose- 
Einstein  condensate  “in  a  box”  higher  than  the  first  retain  a  dependence  on  the  boundary 
conditions  in  the  thermodynamic  limit. 

Equivalence  of  the  Master  Equation  approach  to  the  canonical  ensemble  approach  for 
an  ideal  Bose  gas 

A  picture  of  the  condensate  statistics  of  a  confined  Bose  gas,  which  is  more  relevant  to  recent 
experimental  realizations,  can  be  obtained  by  the  canonical  ensemble  approach.  Nevertheless, 
handling  the  particle  number  conservation  condition  entering  therein  is  a  formidable  task.  A 
recent  method  developed  to  deal  with  this  problem  is  a  non-equilibrium  master  equation 
approach  based  on  the  quantum  theory  of  laser.  We  show  how  the  equilibrium  solution  of  this 
master  equation  is  faithful  to  the  canonical  ensemble. 

-  Inhibition  of  Decoherence  due  to  Decay  in  a  Continuum 

We  propose  a  scheme  for  slowing  down  decay  into  a  continuum.  We  make  use  of  a  sequence  of 
ultrashort  2  pulses  applied  on  an  auxiliary  transition  of  the  system  so  that  there  is  a  destructive 
interference  between  the  two  transition  amplitudes  one  before  the  application  of  the  pulse  and  the 
other  after  the  application  of  the  pulse.  We  give  explicit  results  for  a  structured  continuum.  Our 
scheme  can  also  inhibit  unwanted  transitions 

-  Accelerating  decay  by  multiple  2-pi  pulses 

We  show  how  a  control  of  the  dynamics  of  a  decay  process  can  be  achieved  by  the  application  of 
a  series  of  2  pulses  on  an  auxiliary  transition.  The  2  pulse  changes  the  phase  of  the  ground  state 
by  while  leaving  the  phase  of  the  excited  state  unaltered.  This  produces  quantum  interferences 
between  the  transition  amplitudes  for  evolution  in  the  short  interval,  just  before  and  after  the  2 
pulse.  Such  an  interference  under  suitable  tailoring  of  the  density-of-states  of  the  bath  and  the 
time  leads  to  accelerated  decay. 

-  Asymmetries  between  absorption  and  stimulated  emission  in  driven  three-level  systems 

We  present  a  physical  picture  explaining  the  asymmetries  between  absorption  and  stimulated 
emission  occurring  in  the  driven  three-level  systems.  Based  on  a  dressed-state  picture,  we  obtain 
transition  rates  for  absorption  and  stimulated  emission  separately,  and  show  that  the  cancellation 
of  absorption  in  the  Lambda-  and  V-type  systems  are  originated  from  different  physical 
mechanisms.  Furthermore,  a  simple  analogy  can  be  applied  to  cascade-type  systems  to  show  the 
absorption  enhancement  at  two-photon  resonance. 
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-  Mixed  electromagnetically  and  self-induced  transparency 

We  show  that  application  of  self-induced  transparency  (SIT)  solitons  as  a  driving  field  in  V-type 
electromagnetically  induced  transparency  (EIT)  leads  to  "mixed  induced  transparency"  (MIT) 
that  nicely  combines  the  best  features  of  both  SIT  and  EIT. 

-  On  mechanisms  that  enforce  complementarity 

In  a  recent  publication  Luis  and  Sanchez-Soto  arrive  at  the  conclusion  that  complementarity  is 
universally  enforced  by  random  classical  phase  kicks.  We  disagree.  One  could  just  as  well  argue 
that  quantum  entanglement  is  the  universal  mechanism.  Both  claims  of  universality  are 
unjustified,  however. 
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